We have re-analysed all of the SCUBA archive data of the Orion star-forming regions.
INTRODUCTION
The earliest stages of low-mass star formation are now reasonably well understood. Stars are known to form within molecular clouds, or more precisely, within prestellar cores (Ward-Thompson et al. 1994; André, Ward-Thompson, & Motte 1996; Ward-Thompson, Motte, & André 1999) , which are the density peaks of the molecular cloud that have become gravitationally bound. The youngest stars that have been observed are the Class 0 protostars (André, Ward-Thompson, & Barsony 1993; Chini et al. 2001) , which are still accreting material from their surrounding envelope. This envelope is the remnant of the prestellar core within which the protostar was born. ⋆ E-mail: David.Nutter@astro.cf.ac.uk However, the formation mechanism for the lowest mass stars and brown dwarfs is less well understood, partially due to the observational difficulties in imaging these low-mass objects. Given the assumption that the minimum mass of a star that forms by the gravitational fragmentation of a molecular cloud is the Jeans mass (Larson 1992) , it has been suggested that these very low-mass objects form by a different mechanism to solar-mass stars. There have been a number of mechanisms suggested, including star formation in low-mass cores that are created in shock compressed layers (e.g. Boyd & Whitworth 2005) , or ejection from a more massive core before it has time to accrete very much mass (Reipurth & Clarke 2001; Bate, Bonnell, & Bromm 2002a,b; Goodwin, Whitworth, & Ward-Thompson 2004a,b,c) . These mechanisms and others are reviewed in Whitworth et al. (2006) .
A recent important observational result in the study of star formation is the discovery that the mass spectrum of prestellar cores mimics the Salpeter-like power-law slope of the stellar initial mass function at high masses (Motte, André, & Neri 1998) . However, due to completeness limits, neither this nor more recent studies have probed the relation between the core mass function (CMF) and the stellar IMF at low masses. Knowledge of the relation between the CMF and the IMF in this mass regime is required to understand the formation mechanism of very low-mass stars and brown dwarfs.
The Orion molecular cloud is the closest high mass star-forming region (Genzel & Stutzki 1989, and references therein) . The distances to the front and rear edges of the Orion molecular cloud were determined by Brown, de Geus, & de Zeeuw (1994) to be ∼ 320 pc and ∼ 500 pc respectively. We therefore assume a canonical distance to the Orion star-forming regions of 400 pc. The molecular cloud is composed of two parts. The Orion A cloud (L1640/1641) is located in the southern half of the Orion constellation. It contains OMC1, which is the most active site of current star formation in the region, and houses the Trapezium cluster of O and B stars. The Orion B cloud (L1630) lies approximately 5 degrees (35 pc) north of Orion A and is made up of two sub-clouds. The Orion B South cloud contains the star-forming region NGC 2023/2024, and is the formation site of the only O stars in Orion B. This part of the cloud is the location of B33, the famous Horsehead nebula (see Ward-Thompson et al. 2006b , and references therein). Orion B North is located 2.5 degrees (17 pc) north of NGC 2024, and contains the NGC 2068/2071 and HH24-26 star-forming regions. The Orion molecular cloud is illustrated in Figure 1 which shows the IRAS 100 µm data (Wheelock et al. 1994 ) produced using the skyview interface (McGlynn & Scollick 1994) , along with the regions that have been mapped in the submillimetre.
In this study, we have combined all of the SCUBA widefield scan-map data taken to date of the Orion molecular cloud, to produce the deepest and widest-area submillimetre maps of this cloud. With these data, we investigate the low-mass end of the CMF, and also compare the mass spectra for the different regions of the molecular cloud in a self consistent way. We further provide a catalogue of the size and mass of each of the detected cores within the Orion molecular cloud.
OBSERVATIONS
The submillimetre data presented in this study were obtained using the Submillimetre Common User Bolometer Array (SCUBA) on the James Clerk Maxwell Telescope (JCMT). This instrument takes observations at 450 and 850 µm simultaneously through the use of a dichroic beam-splitter. The telescope has a resolution of 8 arcsec at 450 µm and 14 arcsec at 850 µm. The data presented here were acquired from the JCMT data archive, operated by the Canadian Astronomy Data Centre. Sub-sets of these data have been published previously (Johnstone & Bally 1999 Mitchell et al. 2001; Motte et al. 2001; Johnstone et al. 2001; Johnstone, Matthews, & Mitchell 2006; Ward-Thompson et al. 2006b ), though all the data have been re-reduced using a consistent method for this study.
The observations were carried out over 30 separate nights between February 1998 and March 2002 using the Figure 1 . IRAS 100 µm map of the Orion molecular cloud (Wheelock et al. 1994) , as well as the familiar stars of the constellation. The north-south extent of the image is 20 deg, which at an assumed distance of 400 pc, corresponds to 140 pc. The extents of the four regions that have been mapped in the submillimetre are outlined in black. Our names for these regions are labelled.
scan-map observing mode. A scan-map is made by scanning the array across the sky. The scan direction is 15.5
• from the axis of the array in order to achieve Nyquist sampling. The array is rastered across the sky to build up a map several arcminutes in extent.
Time-dependent variations in the sky emission were removed by chopping the secondary mirror at 7.8 Hz. Due to a scan-map being larger in size than the chop throw, each source in the map appears as a positive and a negative feature. In order to remove this dual-beam function, each region is mapped six times, using chop throws of 30, 44 and 68 arcsec in both RA and Dec (Emerson 1995) . The dual-beam function is removed from each map in Fourier space by dividing each map by the Fourier transform of the dual-beam function, which is a sinusoid. The multiple chop-throws allow for cleaner removal of the dual beam function in Fourier space. The maps are then combined, weighting each map to minimise the noise introduced at the spatial frequencies that correspond to zeroes in the sinusoids. Finally the map is inverse Fourier transformed, at which point it no longer contains the negative sources (Jenness & Lightfoot 2000) .
The submillimetre zenith opacity at 450 and 850 µm was determined using the 'skydip' method and by comparison with polynomial fits to the 1.3 mm sky opacity data, measured at the Caltech Submillimeter Observatory (Archibald et al. 2002) . The sky opacity at 850 µm varied from 0.12 to 0.51, with a median value of 0.26. These correspond to a 450 µm opacity range of 0.5 to 3.1, and a median value of 1.4.
The data were reduced in the normal way using the SCUBA User Reduction Facility (Jenness & Lightfoot 
2000)
. Noisy bolometers were removed by eye, and the baselines, caused by chopping onto sky with a different level of emission, were removed using the MEDIAN filter. Calibration was performed using observations of the planets Uranus and Mars, and the secondary calibrators HLTau and CRL618 (Sandell 1994 ) taken during each shift. We estimate that the absolute calibration uncertainty is ±7% at 850 µm and ±15% at 450µm, based on the consistency and reproducibility of the calibration from map to map. The submillimetre data make up 4 separate maps. The relative positions of these maps are illustrated in Figure 1 . The most northerly map of the four is centred on the northern star-forming complex in Orion B, including NGC 2071, NGC 2068 and HH24/25/26. Hereafter, we refer to this map as Orion BN. The Orion B South map (hereafter Orion BS) encompasses the southern star-forming component of Orion B, and includes NGC 2023, NGC 2024 and the Horsehead nebula (B33). The Orion A cloud is also made up of two maps, the northernmost of which (Orion A North -hereafter Orion AN) includes OMC 1, 2 and 3. Directly to the south of Orion AN is Orion A South (hereafter Orion AS), which follows the Orion A filament to the south-east. The area covered by each of the maps is given in Table 1 .
The 850 µm data for the four regions are shown in Figures 2(a-d) . These figures show that the data contain a large number of dense cores, which are usually associated with larger scale filamentary structure. The main difference in the general morphology of the different regions is that they vary in richness, for example the cores in the Orion AN map are more numerous and more closely packed than in the other three regions.
RESULTS

Submillimetre continuum data
In order to produce the deepest maps possible, the data are made up from a number of different observing programs, therefore the map coverage is not uniform for each region. In addition, the weather conditions varied when the data were taken. As a result, the noise levels vary across each map. In order to quantify the variation of the noise level across the map, a noise-map was generated using the following technique.
The bright sources in the map were masked in order to prevent the rapid change in flux density at the positions of these sources from contaminating the noise estimate. For the same reason, the large scale structure of the map was removed by smoothing the map and subtracting this from the data. The noise-map was then built up by measuring the standard deviation of the resulting data at each point in an aperture of radius 50 arcsec. The gaps in the noise-map caused by the masking of the bright sources were filled in by interpolation from the surrounding regions.
To illustrate this, the noise-map for the Orion BN is shown in Figure 3 , where the grey scale indicates the noise level in the map. As can clearly be seen, the noise level is lower towards the centre of the map due to increased coverage by the different observing programs. This effect is seen in all of the different regions. Table 1 gives the average noise levels, measured using the noise-maps. The quoted value corresponds to the average noise level measured over all parts (Johnstone & Bally 1999 Motte et al. 2001; Johnstone et al. 2001 . In order to extract the properties of each core in a consistent manner across all of the maps, each map was divided by the noise-map described above, to produce a signal to noise (S/N) map. The significance and dimensions of sources were determined using this S/N map using the following criteria.
A source was deemed real if it had a peak flux density > 5σ relative to the local background. Close peaks were separated into two sources if the difference between the peak of the weaker source and the minimum between the sources was > 3σ. Elliptical apertures were placed on each source and approximately matched to the position of the 3σ contour. The flux density for each source was then determined by placing the aperture, defined using the S/N map, on the original data. In each case the flux density was measured relative to the local background level by placing a 'sky' aperture on a nearby blank area of the map. The number of cores detected in each region is given in Table 1 , and the properties of each core are listed in Table A1 in Appendix A.
This strategy for characterising individual cores was applied to each source in the data with the exception of those sources that are embedded in a large amount of extended emission and are very close to neighbouring sources. In the case of these sources, their proximity to their neighbours means that the aperture size is necessarily reduced relative to the 3σ defined aperture discussed above. In order to compensate for this effect, the surrounding extended emission above the 3σ contour was partitioned between the cores relative to their peak flux density.
Due to the poorer atmospheric opacity at 450 µm, the sources in the 450 µm data have significantly lower signal to noise ratios compared to the 850 µm data. The 450 µm data were therefore smoothed such that the FWHM resolution matched that of the 850 µm data. The sources were then extracted from the 450 µm data in a similar manner to that described above, with a signal to noise map being generated for each region, and a detection criterion of 5σ applied. Each source that was detected at 450 µm has a corresponding detection at 850 µm, though not all sources that were detected at 850 µm were detected at 450 µm. The integrated flux was measured for the sources that were detected at 450 µm using apertures with the same position and dimensions as those used for the 850 µm sources. This is to allow a direct comparison of the data at the different wavelengths. The 450 µm properties for each core are given in Table A1 in Appendix A.
Spitzer IRAC results
Mid-IR data for the four regions taken using the IRAC camera (Fazio et al. 2004 ) on board the Spitzer space telescope were retrieved from the Spitzer data archive. These data have wavelengths of 3.6, 4.5, 5.8 and 8.0 µm. The data were calibrated using the IRAC science BCD pipeline prior to retrieval from the archive (Reach et al. 2005) .
Each waveband of the IRAC data was independently searched for point sources that lie within the 3σ contour of the submillimetre detected cores. The flux density of each source was measured in a circular aperture, the position and size of which was fixed for all wavelengths. Extended emission from the surrounding cloud was removed using an off-source 'sky' aperture. The magnitudes of the sources were calculated using the zero magnitude flux densities given in the Spitzer Observer's Manual (IRAC Instrument Team 2005) .
Sources that were detected in all 4 IRAC bands were classified as Class I or Class II YSOs or as stars according to their [5.8] -[8.0] and [3.6] -[4.5] colours, as described in Allen et al. (2004) . Sources that were detected in either 2 or 3 IRAC bands, were classified according to their spectral index (Lada 1987) . Submillimetre sources that contain a Class I YSO were removed from our sample to remove protostellar contamination of the pre-stellar core statistics.
CORE MASS FUNCTIONS
The masses of the cores are calculated from their 850 µm integrated flux density, which is assumed to be optically thin. The core mass is calculated using the following:
where S850 is the 850 µm flux density, D is the distance to the source, κ850 is the mass opacity of the gas and dust, and B850,T is the Planck function at temperature T . We assume a distance to the region of 400 pc (Brown et al. 1994 ), a temperature of 20 K for the Orion cores (Launhardt et al. 1996; Mitchell et al. 2001; , and a mass opacity of 0.01 cm 2 g −1 (see André et al. 1993; André, Ward-Thompson, & Motte 1996; Ward-Thompson, Motte, & André 1999 , for a detailed discussion of both this value of κ850 in particular and of this method of obtaining masses in general). We note that the assumption of a single temperature for all of the cores could potentially introduce a systematic bias in the calculated mass if there is a correlation between the temperature and mass of the cores. The core mass functions for the four regions are shown in Figures 4(a-d) . The error bars shown are the √ N counting uncertainty due to the number of cores in each mass bin. The dotted vertical lines show the 5σ sensitivity of the map. This is based on the average noise level as shown in Table 1 , and converted to a mass using the assumptions of distance, temperature and dust opacity given above. This signifies the minimum detectable point source in the map. The dashed lines show the 5σ completeness limit of the maps. The completeness limit is higher than the sensitivity because an extended source with a 5σ peak flux density is more massive than a point source with the same peak flux density. These figures show that our data are consistent with previous studies.
Given the selection criteria discussed in the previous section, the completeness limit for a given noise level (σ) and source size (r ef f ) can be estimated by measuring the fraction of the total flux density that is contained within an aperture set at 3/5 of the peak flux density, for a number of sources in the data. This fraction can then be applied to a source at the limit of the detection (i.e. a peak flux density equal to 5σ), and gives the flux density that is contained within the 3σ contour. The source size (r ef f ) is defined to be the radius that defines a circle with the same area as the elliptical aperture placed on the source. r ef f is calculated independently for each region and is taken to be the average size of the detected low-mass sources (based on the lowest mass one third of the sources). The low-mass sources are selected as being more representative of the average source size at the limit of detection.
The relation between the completeness limit and the core mass function is insensitive to the assumptions of distance, temperature and dust opacity, discussed in the previous section, because both the core masses and the completeness limit scale in the same way if these assumptions are adjusted. The point source sensitivity, completeness limit and effective radius for each of the four regions are given in Table 2 . The dotted histogram shows only those cores which do not contain a Class I protostar, as determined using mid-IR Spitzer data. The error bars are the statistical error due to the number of cores in each bin. The dotted and dashed vertical lines show the 5σ sensitivity and completeness limit respectively for each region. All detected submillimetre sources are included in these mass functions. Looking at the Figures 4(a-d), a number of features are apparent. The high mass side of the mass function declines as a power-law to higher masses, in agreement with previous studies of both Orion and other star-forming regions (Testi & Sargent 1998; Motte et al. 1998 Motte et al. , 2001 Johnstone et al. 2001; Onishi et al. 2002; . The low-mass side of the mass function also declines to lower masses, and for two of the four regions mapped (Orion AN and Orion BN), this decline begins at significantly higher mass than the completeness limit. The peak of the core mass functions for these two regions show a peak in the mass bin that is centred on 1.3 M⊙. This is a factor of 4 larger than the average 5σ completeness limit of the two regions.
We therefore believe that this is a real effect, and signifies the discovery of the turn-over in the core mass function. The physical significance of this is discussed in the following section. A third region (Orion AS) is also consistent with this picture, with the mass function appearing to turn over before the completeness limit is reached. However, there are a smaller number of sources detected in this region, and so there is more scatter in the different bins of the mass function. This causes the position of the peak of the mass function, and hence the significance of the turn-over, to be less certain. In the fourth region (Orion BS), there are a similarly small number of sources as in Orion AS. Also, the completeness limit is a factor of 1.5 times higher than in Orion AN and Orion BN. In this region there appears to be no significant decline in the number of cores until the completeness limit is reached.
As one would expect, there are no sources with a lower mass than the sensitivity limit, and in the mass functions for the Orion AN and Orion BN regions, there is a sharp decline in source numbers at the level of the completeness limit, lending support to our estimate of the completeness.
Subsets of these data for the Orion BN region have been published previously Motte et al. 2001) . In order to allow easy comparison with these earlier works, mass functions for the Orion BN data are plotted in 
DISCUSSION
In the previous section we demonstrated that the core mass functions for the two regions Orion AN and Orion BN turn over at a significantly higher mass than the completeness limit of the data. In Figure 6 , we combine the data for these two regions and plot the resulting CMF on a log-log plot.
The low-mass side of the CMF is best fitted by a powerlaw of following the form:
where x is equal to −0.35 ± 0.2 between the completeness limit at ∼ 0.3M⊙ and the peak at ∼ 1.3 M⊙. At higher masses than the peak, we find that the CMF is best fitted by a power-law with x equal to 1.2 ± 0.2.
We compare this CMF with the stellar IMF, for which we assume a three-part power-law form with the following exponents:
Above the peak of the IMF at 0.08 M⊙, the power-law slopes of the IMF are those observed for field stars, taken from Kroupa (2002). Below 0.08 M⊙, the IMF is based on fits to the stellar populations of young clusters (Chabrier 2003) . These clusters are observed to have power-law slopes varying between 0.2 and 0.4, therefore an average value of 0.3 ± 0.1 is used here. This IMF is plotted on Figure 6 as a thin solid line. The Orion CMF plotted in Figure 6 is consistent with a mass function with the same slopes as the three-part powerlaw IMF given in Equations 2 and 3, between the following masses.
This three-part power-law is plotted as a dotted line on Figure 6. There are a number of similarities and differences between the CMF and the IMF shown in Figure 6 . Both mass functions are well fit by negative power-law slopes at large masses, and decline to lower masses below a peak value. The most obvious difference between the two mass functions is that the turn-over of the CMF occurs at a much higher mass (∼ 1.3 M⊙) than that of the IMF (∼ 0.08 M⊙).
If we were to assume a simple 1:1 mapping of the CMF to the IMF, whereby each core forms a single star, then these data show that the star formation efficiency (SFE) is only ∼ 6% within the gravitationally bound core. The measured SFEs for star-forming regions are typically much larger, at ∼ 30% (Lada & Lada 2003, and references therein) . This discrepancy could be explained by the formation of multiple stars within each core.
The best fit power-law to the low-mass slope of the IMF has an exponent of 0.35 ± 0.2. This is consistent with the low-mass slope of the stellar IMF for young clusters which is observed to lie between 0.2 and 0.4 (Chabrier 2003) . We compare the CMF to the IMFs of these systems because being so young, any causal relation is more likely to be apparent. The slope of the low-mass side of the CMF is based on only three data-points, and must therefore be considered a tentative result. However, if it is borne out to be correct by future observations, then it shows that the CMF continues to mimic the stellar IMF down to very low masses. We also note that a study of the nearer, lower-mass cloud ρ-Ophiuchi does not show a turn-over in the core mass function, down to their completeness limit of ∼ 0.1 M⊙ (Motte et al. 1998) . It is therefore possible that the position of the turn-over in the CMF varies as a function of environment.
CONCLUSIONS
We have combined all of the wide-field SCUBA data of the Orion molecular cloud from the JCMT archive, in order to create the deepest and most extensive maps of this region to date. We have extracted the cores from these data, and generated core mass functions for each region. We have estimated the completeness limit of each map, based on the sensitivity limits of the data and the average size of the lowmass cores. We find that for two of the regions, Orion A North and Orion B North, the CMF turns over at a significantly higher mass than the completeness limit. This marks the discovery of the turn-over of the CMF. We compare the CMF to a canonical stellar IMF, and find that the turn-over in the CMF occurs an a much higher mass than in the IMF. We find that the CMF is best fit by power-laws with exponents of 0.35 between 0.3 and 1.3 M⊙, and -1.2 above 2.4 M⊙. The CMF is consistent with the power-law slopes of the stellar IMF down to the completeness limit of the data. Table A1 . The properties of each of the cores, determined from the submillimetre data. The source name is based on the region that it is found in and its J2000 coordinates. The semi-major and semi-minor dimensions are given for each source in columns 4 and 5. The peak and integrated flux densities for each source at 850 and 450 µm are given in columns 6 to 9. Dashes in columns 8 & 9 indicate that the source is undetected at 5 sigma in the 450 µm data smoothed to a FWHM of 14 arcsec. The mass calculated from the 850 µm integrated flux density is given in column 10. Column 11 indicates the presence of a Class I protostar, detected using IRAC. 
